In the CA1 region of the rat hippocampus, metabotropic glutamate receptor-5 (mGluR5) and cannabinoid-1 receptors (CB1Rs) are believed to participate in long-term synaptic depression (LTD). How mGluRs and CB1Rs interact to promote LTD remains uncertain. In this study, we examined LTD induced by CB1R agonists, mGluR5 agonists, and low-frequency electrical stimulation (LFS) of the Schaffer collateral pathway. Synthetic CB1R agonists induced robust LTD that was mimicked by the endocannabinoid (EC), noladin ether (NLDE), but not by anandamide. 2-Arachidonylglycerol (2AG) produced only a small degree of LTD. The selective mGluR5 agonist, namely (RS)-2-chloro-5-hydroxyphenylglycine (CHPG), also induced robust LTD, and CHPG and NLDE occluded each other's effects. Similarly, CHPG and NLDE occluded LFS-induced LTD, and LTD resulting from all three treatments was blocked by a CB1R antagonist. CHPG-LTD and NLDE-LTD were insensitive to N-methyl-D-aspartate receptor (NMDAR) block, even though LFS-LTD requires NMDARs. LTD induced by LFS or CHPG, but not NLDE-LTD, was blocked by a selective mGluR5 antagonist. (RS)-3,5-dihydroxyphenylglycine (DHPG), a less selective group I mGluR agonist, also induced LTD, but its effects were not blocked by mGluR5 or CB1R antagonists. Furthermore, DHPG-LTD was additive with LFS-LTD and CHGP-LTD. These results suggest that NMDARs, mGluR5, and CB1Rs participate in a cascade that underlies LFS-LTD and that release of an EC and CB1R activation occur downstream of NMDARs and mGluR5. Furthermore, DHPG induces a form of LTD that differs mechanistically from LFS-induced depression.
INTRODUCTION
Long-term depression (LTD) is a form of synaptic plasticity that likely contributes to learning and memory (Kemp and Manahan-Vaughan, 2004 ). In the early 1990s, several groups (Dudek and Bear, 1992; Fujii et al, 1991; Staubli and Lynch, 1990) reported that repeated low-frequency stimulation (LFS) of the Schaffer collateral pathway induced persistent homosynaptic depression of trans-synaptic responses. Early studies have demonstrated the importance of N-methyl-Daspartate receptors (NMDARs) in LTD induction (Dudek and Bear, 1992; Fujii et al, 1991) , whereas subsequent work found that certain metabotropic glutamate receptors (mGluRs) also contribute, and can drive LTD by themselves under some conditions (Bellone et al, 2008; Fitzjohn et al, 1999) . Thus, as is the case with long-term potentiation (LTP) at Schaffer collateral synapses, both NMDARs and mGluRs are involved in the LTD induction process (Stanton et al, 1991; Bolshakov and Siegelbaum, 1994; Bashir et al, 1993; Wang et al, 2008 , but see Selig et al, 1995; Overstreet et al, 1997) . Among mGluRs, mGluR5 seems to be a key contributor (Reyes-Harde and Stanton, 1998) but, until recently, the availability of selective agonists and antagonists has limited studies of mGluR subtypes. LTD is now known to be expressed widely at excitatory synapses throughout the brain, although induction and expression mechanisms can vary depending on the region and stimulus used to induce LTD (Malenka and Bear, 2004; Massey and Bashir, 2007) . At many excitatory synapses, LTD involves NMDAR activation, calcium influx, and early activation of protein phosphatases. Expression of LTP involves trafficking of postsynaptic AMPA-type glutamate receptors, although presynaptic changes are also observed (Malenka and Bear, 2004; Massey and Bashir, 2007; Poschel and Stanton, 2007) .
In addition to synaptically driven, LFS-induced homosynaptic LTD, LTD can be induced pharmacologically by (RS)-3,5-dihydroxyphenylglycine (DHPG), an agonist of group I mGluRs that includes mGluR1 and mGluR5 Fitzjohn et al, 1999; Huber et al, 2001; Gladding et al, 2009 ). However, DHPG-LTD can be induced even after NMDAR-dependent LTD has been established, and DHPG-LTD is not blocked by NMDAR antagonists. These findings suggest that DHPG-mediated LTD is distinct from conventional LFS-LTD. Whereas DHPG-LTD has been widely studied, (RS)-2-chloro-5-hydroxyphenylglycine (CHPG), a specific mGluR5 agonist (Doherty et al, 1997) , has been used less often for LTD studies Lanté et al, 2006; Neyman and Manahan-Vaughan, 2008) . Similarities and differences between CHPG-and DHPGinduced LTD have not been fully addressed, although CHPG-LTD cannot be induced after LFS-LTD (Lanté et al, 2006) . LFS-induced LTD can also involve the production of endocannabinoids (ECs). Notably, heterosynaptic LTD in the visual cortex is blocked by 2-methyl-6-(phenylethynyl)-pyridine hydrochloride (MPEP), a relatively selective mGluR5 antagonist, and by AM251, an inhibitor of cannabinoid-1 receptors (CB1Rs), suggesting that release of ECs and activation of CB1Rs are involved in LTD induction after mGluR5 activation . Similarly, ECs are believed to participate in LTD induction in the striatum by serving as retrograde messengers (Gerdeman et al, 2002) . Although the involvement of ECs in LTD has also been shown in the hippocampus during development and in vivo (Abush and Akirav, 2010) , a role for ECs in mGluR5-dependent homosynaptic LTD in the hippocampus has not been extensively investigated. It is also unclear which specific ECs participate in hippocampal LTD. In this study, we examined the effects of several ECs and other endogenous agents with actions at cannabinoid receptors, including anandamide, 2-arachidonylglycerol (2AG), and noladin ether (NLDE) to determine whether they mimic the effects of synthetic EC analogs on synaptic responses in the CA1 region of rat hippocampal slices. We also examined interactions among LFS-LTD, CHPG-LTD, and EC-LTD, and determined whether the various forms of LTD involve NMDAR, mGluR5, and/or CB1R activation.
MATERIALS AND METHODS

Animals
Protocols for animal use were approved by the Washington University Animal Studies Committee in accordance with the NIH guidelines for care and use of laboratory animals.
Hippocampal Slice Preparation
Hippocampal slices were prepared from postnatal day 30 to 32. Sprague-Dawley rats purchased from Harlen (Indianapolis, IN) (Zorumski et al, 1996) . Rats were anesthetized with isoflurane and decapitated. Slices were cut transversely into 500-mm slices using a rotary slicer in artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 5 KCl, 2 MgSO 4 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 22 NaHCO 3 , and 10 glucose, bubbled with 95% O 2 /5% CO 2 at 4-6 1C. Acutely prepared slices were placed on mesh in 10-ml beakers containing gassed ACSF and maintained for at least 1 h at 30 1C before experiments.
Electrophysiology
At the time of study, slices were transferred individually to a submerged recording chamber. Experiments were performed at 30 1C with continuous bath perfusion of ACSF at 2 ml/min. Extracellular recordings were obtained from the apical dendritic layer of the CA1 region for analysis of population EPSPs and from the cell body layer for analysis of population spikes (PSs). EPSPs were measured by their maximal slopes, and PSs were measured as a maximal height from the apex of the first positive peak to the most negative point of the spike. Using paired stimulations at an interval of 21 ms, slices showing paired-pulse facilitation of EPSPs and paired-pulse depression of PS, indicators of good slice health, were selected for study (Tokuda et al, 2010) . EPSPs were monitored by applying single stimuli to the Schaffer collateral pathway every 60 s at an intensity sufficient to elicit half-maximal responses. After establishing a stable baseline for at least 10 min and a control inputoutput curve, 1 Hz Â 900 s LFS using the same intensity stimulus was applied to induce electrical LTD (LFS-LTD). In other experiments, EC agonists and mGluR5 agonists were administered for 15 min. Input-output curves were repeated 60 min after each conditioning. Signals were digitized and analyzed using PCLAMP software (Axon Instruments, Union City, CA).
Chemicals
DL-aminophosphonovaleric acid (APV), DHPG, CHPG, MPEP, WIN55,212-2 (WIN), arachidonyl-2 0 -chloroethylamide (ACEA), anandamide 2AG, and AM251 were purchased from Tocris Bioscience (Ellisville, MO). AM630 and URB-597 were purchased from Cayman Chemical (Ann Arbor, MI). NLDE was purchased from Tocris Bioscience, Cayman Chemical, and Enzo Life Sciences (Plymouth Meeting, PA). NLDE can be unstable and was only used when it was kept frozen until the time of an experiment. MPEP, WIN, ACEA, NLDE, URB-597, and 2AG were stored in ethanol. AM630 was dissolved in HCl. APV and CHPG were dissolved in NaOH. CHPG used in this study was purchased after 2007 because results with CHPG purchased before this date were inconsistent.
Data Analysis
Data are expressed as mean ± SEM and are expressed as percentage of baseline control responses (set at 100%). In these studies, 'n' represents the number of slices studied in a given condition, and, unless stated otherwise, data were normalized with respect to initial control responses. Points in the graphs without error bars have SEM smaller than the symbol size. Statistical comparisons are based on analysis of input-output curves at baseline and 60 min after LFS or drug exposure, and represent the degree of change at the half-maximal point on the input half output curves compared with baseline responses. In some experiments, we also analyzed paired-pulse plasticity using baseline stimulation intensity to determine whether presynaptic changes contribute to LTD. As EPSPs are depressed after LTD induction, we also analyzed paired-pulse ratios using a higher-intensity stimulus that produced EPSPs comparable to those measured during initial baseline recordings. Where appropriate, Student's t-test was used for comparisons between two groups. If a test of equal variance failed, the non-parametric Mann-Whitney rank-sum test was applied. Statistical analyses were performed using commercial software (SigmaStat 3.11; Systat Software, Richmond, CA). P-values o0.05 were considered statistically significant.
RESULTS
As reported by others (Xu et al, 2010) , 15 min administration of 5 mM WIN, a synthetic cannabinoid agonist that activates both CB1Rs and CB2Rs, induced a persistent depression of synaptic responses in the CA1 region (EPSP slope: 47.7 ± 7.9% of control EPSPs 60 min after WIN washout, N ¼ 4, data not shown). WIN-induced LTD was not altered by co-administration of 30 mM D,L-APV, a competitive NMDAR antagonist (51.0 ± 3.5%, N ¼ 3, Figure 1a ), although the same concentration of APV administered during the delivery of 900 pulse 1 Hz LFS completely blocked homosynaptic LTD induction (98.5 ± 0.7% of control, N ¼ 3, data not shown). WINinduced LTD was blocked completely by 5 mM AM251, a selective CB1R inhibitor (EPSPs 60 min after washout; 103.0 ± 5.1%, N ¼ 5, Po0.001, Figure 1b ). Continuous administration of AM251 after washout of WIN failed to prevent the depression induced by WIN (47.1 ± 9.1%, N ¼ 3, data not shown), indicating that WIN-LTD does not result from ongoing CB1R activation. At 5 mM, AM630, a CB2R antagonist, had no significant effect on WIN-LTD (74.5 ± 9.5%, N ¼ 6, P ¼ 0.305, Figure 1c ). These observations suggest that activation of CB1Rs, but not CB2Rs, drives a form of chemical LTD in the CA1 region. Consistent with this, 15 min administration of 5 mM ACEA, another synthetic cannabinoid with relative selectivity for CB1Rs that induces LTD in corticostriatal synapses (Sergeeva et al, 2007) , also induced persistent synaptic depression ( Figure 1d ).
These observations suggest that central nervous system (CNS)-generated ECs may also induce or contribute to persistent synaptic depression of glutamate transmission. This prompted us to examine several ECs and other endogenous cannabinoid receptor ligands for their ability to mimic the effects of WIN and ACEA. Administration of 5 mM anandamide (92.3 ± 4.9% change, data, N ¼ 5, Figure 2a ) or 30 mM oleamide (94.5±7.7% change, data, N ¼ 3, not shown) for 15 min had no significant effect on EPSPs. Anandamide also failed to induce robust LTD in slices pretreated with 0.3 mM URB-597, a fatty-acid amide hydrolase inhibitor (85.8±8.1%, N ¼ 7, P ¼ 0.343 vs anandamide alone by Mann-Whitney test). Although 5 mM 2AG depressed EPSPs, the degree of persistent LTD was marginal (90.1±12.7%, N ¼ 5, Figure 2b ). A higher concentration of 2AG (20 mM) induced only slightly greater synaptic depression (82.4 ± 4.7%, N ¼ 3) that was less than the depression observed with WIN or ACEA. In contrast, administration of 5 mM NLDE slowly but persistently depressed EPSPs (69.7 ± 5.2%, N ¼ 3, Figure 2c ). Owing to the more robust and reliable effects of NLDE, we explored its actions in greater detail and found that a similar degree of LTD could be induced at concentrations as low as 0.1 mM. We thus used 0.1 mM NLDE for all subsequent studies. LTD induced by NLDE seemed to be saturated by a single administration because a second administration of NLDE did not induce further LTD (EPSP slope: 54.0 ± 7.3% 60 min after the first NLDE administration and 60.2±7.5% 60 min after the second NLDE administration, N ¼ 5).
These results indicate that certain cannabinoids, acting through CB1Rs induce a form of chemical LTD that does not involve NMDARs, and NLDE is an endogenous candidate to participate in LTD resulting from stimulation of the Schaffer collateral pathway. As Schaffer collateral LTD can also involve mGluR5, we examined whether cannabinoid-induced LTD shares mechanisms with mGluR-induced LTD. For these studies, we used CHPG, a selective mGluR5 agonist that has previously been shown to induce chemical LTD (Lanté et al, 2006) . At 250 mM, CHPG acutely suppressed EPSPs and resulted in synaptic depression that persisted after washout (75.6±3.6%, 60min after CHPG, N ¼ 11, Figure 3a and c). Repeated administrations of CHPG did not result in further LTD (71.5 ± 6.4% 60 min after the first CHPG administration and 71.2±6.3% 60 min after the second CHPG administration, N ¼ 6). Administration of NLDE after induction of stable LTD with CHPG also failed to produce further LTD (Figure 3a) . Similarly, administration of CHPG after establishing NLDE-LTD resulted in no further lasting change in synaptic responses (Figure 3b ), suggesting that these two forms of LTD share common mechanisms.
Delivery of Schaffer collateral LFS after induction of CHPG-LTD also failed to produce further LTD (69.9 ± 5.8% after CHPG and 69.6±5.2% after LFS, N ¼ 5, Figure 3c ), although LFS reliably induced LTD in naive slices (70.5±9.0%, N ¼ 5, see Figure 7 ). Moreover, LFS failed to induce further depression when administered after NLDE-LTD (70.6 ± 2.8% after NLDE and 71.3 ± 2.4% after LFS, N ¼ 5, Figure 3d ). Taken together, these data support the idea that these three forms of LTD share common induction mechanisms. We also examined whether these three forms of LTD have similar effects on paired-pulse plasticity. After stable LTD induction, all three forms of LTD resulted in a statistically significant increase in the paired-pulse ratio ( Figure 4) .
As LFS-LTD is known to require NMDAR activation (Dudek and Bear, 1992; Fujii et al, 1991) , we examined whether other forms of LTD also involve NMDARs. Neither NLDE-LTD nor CHPG-LTD was altered by 30 mM D,L-APV (70.3 ± 6.9%, 74.9 ± 2.5%, N ¼ 5, respectively. Figure 5a and b). Given the interactions among these forms of LTD and the fact that LFS-induced LTD is blocked completely by this concentration of APV, this suggests that activation of mGluR5 and CB1Rs likely occurs downstream of NMDARs in the cascade leading to LFS-LTD. To determine the role of mGluR5 in these forms of LTD, we examined MPEP, a relatively selective mGluR5 antagonist. In the presence of 10 mM MPEP, LFS failed to induce LTD (97.8 ± 3.1%, N ¼ 5, Figure 6a ). MPEP also blocked CHPG-induced LTD (96.6±3.3%, N ¼ 5, Figure 6b ). In contrast, NLDE administered in the presence of MPEP resulted in a typical slowly developing form of LTD (71.1 ± 9.8%, N ¼ 5, Figure 6c ). These results suggest that CB1R activation occurs downstream of mGluR5 in the LTD pathway.
To determine whether ECs act downstream of mGluR5, we examined the effects of AM251 against LFS, CHPG, and NLDE. All three forms of LTD were blocked by AM251 (90.0 ± 5.0%, 105.0 ± 4.7%, 94.8 ± 1.2%, respectively, N ¼ 5 each, Figure 7a-c) . In contrast, 5 mM AM630, a specific CB2R antagonist, failed to block LTD induced by any of these treatments (66.2 ± 11.4%, 64.4 ± 1.6%, 65.5 ± 10.1%, respectively, N ¼ 3 each, data not shown). Continuous administration of AM251 after washout of NLDE also failed to prevent NLDE-LTD (77.1 ± 4.1%, N ¼ 5, Figure 7d ), again indicating that the slowly developing LTD does not result from ongoing CB1R activation. As DHPG, a less selective group I mGluR agonist, has been reported to induce a unique form of LTD , we also examined the sensitivity of DHPG-induced LTD to MPEP and AM251. In contrast to CHPG, we found that DHPG induced robust LTD in the presence of MPEP (72.7 ± 5.9%, N ¼ 5, Figure 8a ), suggesting that this form of LTD is not mediated solely by activation of mGluR5. DHPG-LTD was also induced in the presence of AM251 (59.0 ± 7.8%, N ¼ 6, Figure 8b) . LTD in the presence of MPEP and AM251 did not differ from DHPG alone (62.6±8.7%, N ¼ 5). To examine interactions of DHPG-LTD with other forms of LTD, CHPG and DHPG were administered sequentially after stable induction of LFS-LTD. Although administration of CHPG did not induce further LTD after LFS-LTD, administration of DHPG induced additional and persistent synaptic depression (EPSP change 70.5±9.0% 60 min after LFS, 84.8±4.6% 60 min after CHPG administration, and 27.7 ± 4.1% 60 min after DHPG administration, N ¼ 5, Figure 8c ). These observations again suggest that LFS-LTD and CHPG-LTD share common mechanisms, but differ from DHPG-induced LTD. Moreover, DHPG induced further depression after establishing stable NDLE-LTD (57.1±10.4% by NLDE and 32.8 ± 7.2% by DHPG after NLDE, Po0.05, N ¼ 4, data not shown).
DISCUSSION
These results indicate that glutamate acting on NMDARs and mGluR5, and ECs acting on CB1Rs participate in the events underlying LTD induced by electrical stimulation of the Schaffer collateral pathway. On the basis of occlusion experiments and the effects of receptor antagonists, these studies further suggest that activation of glutamate receptors occurs upstream of cannabinoid receptor activation.
Differences between CHPG-and DHPG-Induced LTD
The ability of mGluR antagonists to inhibit LFS-induced LTD suggests that these receptors have a key role in the induction and/or maintenance of this form of synaptic plasticity. Furthermore, chemical LTD induced by DHPG, an agonist of group I mGluRs that includes mGluR1 and mGluR5 (Brabet et al, 1995) , has been extensively studied, in part because of its ease of induction and its presumed likelihood to involve mechanisms similar to those evoked by synaptic stimulation. However, other investigators have suggested that LFS-induced LTD and DHPG-LTD may not involve the same mechanisms, and DHPG has been found to induce additional synaptic depression after induction of stable LFS-LTD (Palmer et al, 1997; Fitzjohn et al, 1999) . Upper traces use the baseline 50% maximal stimulus, whereas bottom traces show PPF after increasing the stimulus intensity to generate a conditioning EPSP similar to that observed in the initial baseline recordings (solid traces). Scale bar: 1 mV, 5 ms. *Po0.05, **Po0.01, compared with baseline PPF. Furthermore, it has been recently reported that LFS-LTD can be induced after DHPG-LTD (Wang et al, 2008) . CHPG, a more specific mGluR5 agonist (Doherty et al, 1997) , has been used less often for LTD studies, but has been found to induce or augment LTD in several studies Lanté et al, 2006; Neyman and Manahan-Vaughan, 2008) . In this study, we found that LFS and CHPG occlude each other's effects but that DHPG induces additional synaptic depression after induction of LFS-LTD or CHPG-LTD.
These results strongly suggest that DHPG-LTD differs mechanistically from CHPG-LTD, despite the fact that DHPG is an agonist at group I mGluRs. Consistent with this, MPEP, an mGluR5 antagonist, completely inhibits CHPG-LTD and LFS-LTD but not DHPG-LTD, again suggesting that these forms of LTD involve different mechanisms. A previous study found that DHPG-induced LTD is blocked by the group II mGluR antagonist, LY341495, suggesting that mGluR2 and/or mGluR3 has an important role (Watabe et al, 2002) . Moreover, others have found that DHPG does not involve ECs (Rouach and Nicoll, 2003) and may induce a form of synaptic loss rather than traditional synaptic plasticity, particularly after repeated applications (Kamikubo et al, 2006; Shinoda et al, 2010) . At the minimum, we conclude that DHPG-LTD does not simply result from activation of mGluR5 and thus should be considered separately from other forms of LTD. In contrast, CHPG-induced LTD seems to share key mechanisms with LFS-LTD, and highlights the importance of mGluR5 activation in homosynaptic plasticity.
Involvement of ECs in Hippocampal LTD
Consistent with the above discussion, previous studies have found that SR141716 (Rimonabant), a CB1R antagonist, does not block DHPG-induced LTD in the CA1 region ( Rouach and Nicoll, 2003) , but does attenuate LFS-LTD (Xu et al, 2010) . This suggests a key role for CB1Rs in conventional LTD resulting from Schaffer collateral pathway stimulation. Although it is widely accepted that ECs regulate GABAergic neurotransmission through CB1Rs, the role of ECs in glutamatergic synaptic plasticity is less certain (Misner and Sullivan, 1999) . Early studies indicated that CB1Rs are not expressed on glutamatergic neurons (Katona et al, 1999; Hájos et al, 2000; Hoffman and Lupica, 2000) , and that the synthetic cannabinoid agonist, WIN, either did not depress excitatory synaptic responses (AlHayani and Davies, 2000) or, in studies in which it did, the CB1R antagonist, AM251, failed to prevent its effects (Hajos and Freund, 2002) . Recent studies have found that WIN does depress hippocampal EPSPs and provide support for the idea that excitatory synaptic transmission is directly modulated by CB1Rs on glutamatergic neurons (Domenici et al, 2006; Xu et al, 2010) . Our findings are consistent with these latter studies. In our study, WIN-induced depression persisted after drug washout, resembling LFS-induced LTD. WIN-LTD was blocked by co-administration of AM251 but not by continuous administration of AM251 during drug washout, suggesting that CB1Rs are involved in the induction of WIN-LTD but that the depression does not require ongoing receptor stimulation. Furthermore, our results indicate that AM251 inhibits LFS-LTD, indicating that activation of CB1Rs is involved in the induction of homosynaptic LTD at Schaffer collateral synapses.
Although early studies reported that CB2Rs are not found in the CNS, recent evidence indicates their expression in multiple brain regions including the hippocampus (Brusco et al, 2008a, b) . Thus, CB2Rs are also a possible target for ECs in regulating synaptic function. In our study, the CB2R antagonist, AM630, did not block LTD induced by LFS, CHPG, WIN, or NLDE, suggesting that CB2Rs are unlikely to have a major role in any of these forms of LTD.
The ability of CB1R antagonists to block LFS-LTD raises important questions about which ECs mediate these effects. Multiple ECs and other ligands acting at cannabinoid receptors are synthesized in the CNS and these various messengers may have unique roles in modulating synaptic function (Banni and Di Marzo, 2010) . NLDE is an EC that specifically activates CB1Rs, whereas anandamide has greater selectivity for CB2Rs and may have partial agonist effects at both receptor types. 2AG is believed to activate both CBRs at similar concentrations. Our results indicate that CB1R activation is necessary for LFS-induced LTD in the CA1 region. However, the pathway leading to LTD may be complex because 2AG, a major EC in the CNS that acts at CB1Rs, did not induce substantial synaptic depression at concentrations up to 20 mM. It is possible that effects on CB2Rs are involved in limiting the actions of 2AG, although there may be other mechanisms to explain its diminished efficacy, including factors that regulate the production and metabolism of ECs. In our experiments, we found that submicromolar concentrations of NLDE induced a slowly developing form of LTD without producing significant depression during acute administration. The lack of acute effects of NLDE makes it difficult to determine its potential role in LTD. Furthermore, NLDE is a relatively unstable chemical, making studies of its effects even more complicated. Despite these problems, we found that freshly prepared solutions of NLDE slowly and persistently depress EPSPs by acting at CB1Rs and it must be noted that NLDE is found endogenously in the hippocampus (Fezza et al, 2002) .
The acute depression observed during administration of CHPG or during delivery of LFS is likely mediated by mechanisms that differ from those underlying longerlasting synaptic depression. A previous study found that acute depression induced by 10 mM DHPG is blocked by MPEP (Piccinin et al, 2010) , suggesting a role for mGluR5, although the long-lasting depression after DHPG administration seems to involve more complex mechanisms as outlined above (Fitzjohn et al, 1999) . In our study, acute depression induced by CHPG was largely but not completely eliminated by MPEP, suggesting that although mGluR5 is involved in acute depression, this receptor may not be the only participant. In contrast, acute depression during delivery of LFS was not attenuated by MPEP, suggesting that other mechanisms account for acute depression during synaptic stimulation.
LTD Induction Mechanisms
LTD induced by LFS, CHPG, and NLDE seems to share common mechanisms, based on the finding that these forms of LTD are non-additive. However, only LFS-LTD is blocked by APV, suggesting that activation of NMDARs occurs at very early stages of the LTD induction process. Furthermore, NMDARs are directly activated by LFS (Dudek and Bear, 1992; Fujii et al, 1991) but not by activation of mGluR5 or CB1Rs. Consistent with this, CHPG-LTD and NLDE-LTD are not altered by APV. In contrast, MPEP inhibits both LFS-LTD and CHPG-LTD, but not NLDE-LTD or WIN-LTD. Our observations suggest that NMDARs and mGluR5 act early in the sequence leading to LFS-LTD. The lack of effect of APV and MPEP on cannabinoid-induced LTD suggests that release of ECs occurs later in the pathway and is consistent with data indicating that WIN depresses EPSPs in the presence of APV (Domenici et al, 2006) .
Taken together, our results indicate that three receptormediated components involved in LFS-induced LTD in the CA1 region, namely NMDAR activation, mGluR5 activation, and EC-driven CB1R stimulation, do not function independently, but rather work in concert with each other in a cascade that promotes lasting synaptic change. Among these, it seems that NMDAR and mGluR5 activation occur early in the process followed by release of ECs (Figure 9 ). Yasuda et al (2008) proposed a similar scheme to explain heterosynaptic LTD in the visual cortex. In their scenario, postsynaptic activation of mGluR5 stimulates the subsequent release of ECs as retrograde messengers that activate presynaptic CB1Rs and depress neurotransmitter release. This scheme also seems to be relevant to LTD in the CA1 region of the hippocampus (Chevaleyre and Castillo, 2003) . In our model, we suggest that ECs act retrogradely to alter presynaptic function, consistent with previous reports (Heifets and Castillo, 2009; Yasuda et al, 2008) . In all three forms of LTD we studied, we observed changes in pairedpulse plasticity that are consistent with a presynaptic contribution to LTD. However, we note that ECs also have postsynaptic actions and effects on non-pyramidal cells (Heifets and Castillo, 2009) , and that LFS-induced LTD likely involves both postsynaptic and presynaptic changes in function (Luscher and Huber, 2010; Poschel and Stanton, 2007) . Although our study has focused on homosynaptic LTD induced by single-pulse 1 Hz stimulation, future studies examining heterosynaptic depression in the CA1 region are required to determine the roles that ECs have in other forms of synaptic modulation. Owing to the role that LTD is believed to have in memory and the roles that ECs may have in the pathophysiology of multiple psychiatric illnesses, including substance abuse syndromes, mood and anxiety disorders, and psychosis (D 'Souza, 2007; Leweke and Koethe, 2008; Witkin et al, 2005) , our results have implications for understanding the cognitive changes that accompany neuropsychiatric disorders. LTD induced by LFS, CHPG, and ECs share common mechanisms. APV blocks only LFS-induced LTD, whereas MPEP blocks both LFS-LTD and CHPG-LTD, but not NLDE-LTD. AM251 blocks all three forms of LTD. These results suggest that NMDARs, mGluR5, and CB1Rs participate in a cascade that drives LTD induction. Present data suggest that synaptic stimulation activates NMDARs and mGluR5 early in the process and that release of ECs and CB1R activation occur later.
